Ecohydrology combines empiricism, data analytics, and the integration of models to characterize linkages between ecological and hydrological processes. A challenge for practitioners is determining which models best generalizes heterogeneity in hydrological behaviour, including water fluxes across spatial and temporal scales, integrating environmental and socio-economic activities to determine best watershed management practices and data requirements. We conducted a literature review and synthesis of hydrologic, hydraulic, water quality, and ecological models designed for solving interdisciplinary questions. We reviewed 1,275 papers and identified 178 models that have the capacity to answer an array of research questions about ecohydrology or ecohydraulics. Of these models, 43 were commonly applied due to their versatility, accessibility, user-friendliness, and excellent user-support. Forty-one of 43 reviewed models were linked to at least 1 other model especially: Water Quality Analysis Simulation Program (linked to 21 other models), Soil and Water Assessment Tool (19), and Hydrologic Engineering Center's River Analysis System (15). However, model integration was still relatively infrequent. There was substantial variation in model applications, possibly an artefact of the regional focus of research questions, simplicity of use, quality of user-support efforts, or a limited understanding of model applicability.
| INTRODUCTION
Conservation and management strategies for aquatic ecosystems can be improved by incorporating the terrestrial interface. Aquatic ecosystems are hierarchically structured, with terrestrial landscape features constraining physicochemical processes and biotic structure at finer scales (Frissell, Liss, Warren, & Hurley, 1986) . For example, hierarchical structuring of habitat use has been observed across a range of aquatic biota (e.g., fish, Brewer, Rabeni, Sowa, & Annis, 2007; Worthington, Brewer, Grabowski, & Mueller, 2014; crayfish, Dyer, Brewer, Worthington, & Bergey, 2013 ; and freshwater mussels, McRae, Allan, & Burch, 2004; Shea, Peterson, Conroy, & Wisniewski, 2013) . The flow regime (i.e., timing, rate of change, duration, frequency, and magnitude of stream discharge) is also a product of the surrounding landscape (e.g., land use and topography) and largely dictates channel formation and ecological processes at multiple spatial and temporal scales (Poff, 1997) .
Examining relationships between ecology and hydrology at multiple scales is essential for managing the terrestrial-aquatic interface.
Increased awareness of the importance of interdisciplinary approaches to manage aquatic ecosystems has led to two rapidly evolving subdisciplines. (a) Ecohydrology examines a wide range of interactions between water and ecosystems (e.g., flow-ecology relationships, McManamay, Orth, Dolloff, & Matthews, 2013) , whereas (b) ecohydraulics focuses primarily on the influence of hydraulic properties and processes (e.g., fish passage, Hannah, Sadler, & Wood, 2007; Kemp, 2012; Maddock, Harby, Kemp, & Wood, 2013 ). An extensive range of ecohydrology and ecohydraulic models is available to researchers for examining processes at different spatial and temporal scales. However, a potential barrier to successfully applying these models is the myriad of available platforms, which challenge scientists when attempting to identify the most appropriate tool for a system or question. Additionally, understanding the simulation potential (i.e., benefits and limitations) of ecohydrology and ecohydraulic models is essential to holistic resource management under environmental stressors (e.g., climate change and instream flow regulation).
The inherent complexity of ecosystems results in an additional challenge for researchers and managers when identifying appropriate ecohydrology and ecohydraulic models because individual models may be inadequate for certain research questions or management objectives. For example, combining models may improve the predictive ability of how organisms will respond across an environmental gradient. Modelling frameworks likely exists that can integrate climate, land use, and biotic responses to address a range of management scenarios.
However, traditional boundaries between disciplines (e.g., jargon or spatial scale of applications) still sometimes prevent integration of modelling approaches. Furthermore, identifying linkages across models (sometimes referred to as "loosely coupled schemes," Barthel & Banzhaf, 2016) is challenging given the abundance of available models.
Our objective was to identify linkages between ecohydrology and ecohydraulic models that could be used to answer broad, interdisciplinary research or management questions associated with aquatic ecosystems. We completed a systematic review of recent literature, synthesized prevailing hydrological, hydraulic, ecological, and water quality models, identified basic data model requirements, and identified model suitability to answer specific questions. We also emphasize key aspects for choosing among models and identify where linkages across models have occurred both within and among model categories.
| METHODS

| Model classification
We developed four categories of models relevant to both ecohydrology and ecohydraulic questions:
1. Hydrologic: models simulating rainfall-run-off relationships, evapotranspiration, infiltration, or other physical processes of the water cycle; 2. Hydraulic: models solving governing equations of fluid mechanics (e.g., mass and momentum conversation) within channels and water bodies;
3. Water quality: models related to temperature and the chemical properties of water including solute transport; and 4. Ecology: models simulating abiotic components of the environment anticipated to affect the distribution or abundance of biota.
The term "model" has been used in a variety of ways. Here, we defined "model" as equations or algorithms used, either independently or in a package, to simulate properties of a physical system. We did not review integrated packages (i.e., several models in one framework) or statistical packages; however; we include a brief summary in the discussion.
| Systematic review
We began the first stage of our systematic review by compiling a list of recent (2000 and after) ecohydrology and ecohydraulic models based on published literature from four electronic bibliographic databases:
Web of Science, Science Direct, Water Resources Abstracts, and Agricola ( Figure 1 ). The search terms "hydrology" AND "model,"
"ecohydrology" AND "model," "ecohydraulics" AND "model," "instream flow," "habitat simulation," "river model," and "fish" AND "habitat" were used to search titles, keywords, and abstracts from each database. We also examined the literature cited of each paper to ensure all relevant models were included in our review. In a few cases, models served multiple purposes and were assigned to more than one category.
We concluded the first stage of our review by using a prevalence index (i.e., model use relative to time since development) to assess model popularity and develop a reduced set of models to focus our review ( Figure 1 ). We searched Web of Science with no date limitation for publications that used models selected during the initial literature search based on titles, keywords, and abstracts. We recorded the year each model first appeared in the scientific literature, and the frequency of model use via publications in each year. We also attempted to identify the development date of each model by examining web sites and contacting publishers. The prevalence index was calculated as the number of publications where each model was used divided by either the number of years since development (if known) or the number of years since the model appeared in the literature. We retained models that scored in the upper quantile of the prevalence index from each of four categories. The only two models used for fish-habitat studies were also retained in the ecology model group regardless of their prevalence index.
We began the second stage of our systematic review by compiling a final literature pool (Figure 1 ). We searched Web of Science with no date limitation using the model names from the prevalence index based on titles, keywords, and abstracts. In several cases, the model name returned a large number of papers unrelated to ecohydrology or ecohydraulics (e.g., Soil and Water Assessment Tool [SWAT] returned multiple papers associated with law enforcement). Therefore, the model name was sometimes combined with other key words to provide a relevant literature pool (Table A1) .
We then developed criteria to determine which papers to extensively review for each model (Figure 1 ). All papers were reviewed for models with ≤50 publications from the Web of Science search, and 50 representative papers were reviewed for models with >50 publications. Representative papers were chosen using (a) the number of papers selected proportional to the number of papers published in each year, (b) randomly selected publications from each year, (c) a different randomly selected paper from the same publication year if the initial random selection was by a duplicate author to prevent biasing results based on the interests of an individual research programme, or (d) a different randomly selected paper from the same publication year if the initial random selection was theoretical or a review. We only reviewed papers focused on the water cycle for the Lund Potsdam Jena Dynamic Global Vegetation Model (LPJ), Organizing Carbon and Hydrology in Dynamic Ecosystems model (ORCHIDEE), and FOREST-BGC because these models can simulate a wide range of processes.
FIGURE 1 Flow chart describing the systematic review process of commonly used hydrology, hydraulics, water quality, and ecology models. The review was completed in two stages: First, we created a list of recent, prevailing models by reviewing four electronic bibliographic databases and developing an index based on use since development; second, we compiled our final pool of literature by searching Web of Science using the names of the models derived from the prevalence index
We continued with the second stage of our review by creating a bibliographic database from the selected papers using publication year, spatial and temporal scales examined, and the countries and U.S. states (if applicable) where the model was applied (Figure 1 ). The spatial scale was grouped into rivers (e.g., catchments or reaches), terrestrial areas (e.g., global, region, continent, country, or area), lentic systems, estuary or marine environments, and laboratory studies. The temporal scale was grouped into seven bins (second, minute, hour, day, week, month, and year). Some studies had multiple temporal scales related to either different model processes or linkages between models operating on different time steps. Either the average or range of time steps was recorded for models operating on an adaptive time step. We classified model time steps as "not available" if it was not stated or a steady-state model was used. We also recorded instances where studies linked models to answer multidisciplinary questions.
We concluded our systematic review by developing an attribute list to examine which hydrologic, hydraulic, water quality, and ecologic characteristics were addressed by each study (e.g., evapotranspiration and fish habitat; Figure 1 ). Study attributes were grouped into broad categories to examine trends across models (Table A2) . We assigned papers to more than one category (e.g., hydrology or water quality) for studies that either used or linked multiple models; however, papers were only included in one category for our statistical analyses. We also used a weight-of-evidence approach (vote counting methodology; Gates, 2002) to highlight the value of prevailing models for addressing particular questions.
| Distinguishing model features
Finally, we developed a summary of key model features to distinguish model choice for commonly used models. Our model summaries highlighted model linkages and showed how models have been applied to different questions. We based the model summaries on papers compiled via the systematic search; however, we also used electronic sources and other referenced journal or report sources. Because of an extensive number of hydrology models in the top quantile (n = 98), we limited our summaries to models with a prevalence index >3.
| RESULTS
Our initial literature search identified 178 models across the four categories (Table 1) . Hydrology models made up over half of those identified (95 models), with approximately equal numbers in the other three categories: hydraulics (30), water quality (26), and ecology (30). Three of the models (RHESSys, AQUATOX, and BASINS) could potentially belong to more than one category; however, we assigned them to a single category for subsequent analyses.
Our model set for review based on the prevalence index reflected variation in model popularity ( (Table A3 ).
The geographic distribution of model use and the frequency of application showed distinct regional variation within and across model categories (Figures 2 and 3 ). Certain models (e.g., HBV, Water Evaluation and Planning System, and ORCHIDEE) were applied to research questions across a wide range of countries, although this may have been an artefact of the broad spatial extent of some studies. Conversely, models such as Across Trophic Level System Simulation (ALFISH), Integrated Hydrology Model, and MGB-IPH were only used in a limited number of countries. The United States had the greatest number of studies in all categories. This is particularly evident for hydrology models, where over four times as many studies were conducted in the United States (272 publications) than the next most studied country (China, 63 publications). In addition to the United States, studies typically focused on ecosystems in developed nations (e.g., Canada, Australia, and European countries). Although, the "BRIC" The distribution of use for hydraulic, water quality, and ecology models had a lower density and was far patchier (Figure 3b-d) . Application of these models was greatest in California, Texas, Florida, and several U.S.
states surrounding the Ohio River.
The daily time step was most common; however, hydraulic, and to a lesser extent water-quality models, operated at shorter time scales (e. g., less than a day; Figure 4 ). Ecology models also operated over longer time steps and coarser spatial scales. Within the ecology, hydraulic, and water-quality models, approximately half the papers reviewed did not explicitly report a time step. Reviewed literature was dominated by studies operating at catchment, reach, and lentic scales ( Figure 5) ; however, disparities between the model categories were apparent. Almost 80% of hydrology papers operated at the catchment scale, but a~25% of hydraulic and water-quality studies also examined processes at these extents. Water quality and ecology models were more regularly applied to lentic environments. Hydraulic models and water-quality models were most often applied to marine and estuarine environments.
With the exception of ALFISH, all of our reviewed models were linked to at least one other model (Figure 6 ), and some of the factors we examined explained the magnitude of links between models BREWER ET AL. to other models; however, there was a general lack of linkage for models developed pre-1990 ( Figure 7a ). Those models that had moderate or high data requirements were more likely to be linked 
| Model distinguishing features
| Hydrologic models
As expected, we found that a majority of the papers in the hydrology model category simulated run-off or discharge (Table A4 ).
Hydrology models did sometimes focus on other aspects of the water cycle such as soil moisture, evapotranspiration, groundwater, and snow and glacial run-off, and some also had the capacity to model additional processes such as instream erosion and ephemeral gully formation (e.g., WEPP, see Merritt, Letcher, & Jakeman, 2003 for a review). Additionally, some models also had water-quality components that simulate constituent transport with sediment from a loading equation as a function of run-off (Jha, Arnold, & Gassman, 2006) . Certain hydrology models were more specialized when combined with other models and frequently used to simulate water depth in relation to flooding and water inundation (e.g., HEC-HMS when linked to HEC-RAS and LISFLOOD). Lastly, we reviewed several hydrology models used to estimate hydraulic model inputs Hydrologic models have been classified in a variety of ways (Beven, 2012; Refsgaard & Knudsen, 1996; Singh, 1995) according to (a) process description (conceptual or physical-based models), (b) spatial complexity (lumped or distributed models), or (c) temporal resolution (continuous or event-based models). These features are useful for choosing a model that would be most applicable to the research or management question of interest.
Conceptual models only require basic catchment (e.g., drainage area and slope) and meteorological data (e.g., rainfall and temperature) and a modest number of parameters to initialize, although complexity varies between models. Common model parameters represent unit characteristics, such as capacity or exchange rates. Although parameters should represent physical processes, it is difficult to relate them directly to actual conditions of the catchment (Refsgaard & Knudsen, 1996) . Therefore, the final parameter estimation should be calibrated to actual catchment data (generally the streamflow hydrograph; Mroczkowski, Raper, & Kuczera, 1997) , thus limiting the value of these models for predicting the effect of land-use change (Nandakumar & Mein, 1997) . However, conceptual models were found useful for identifying hydrologic consequences of temperature and precipitation patterns (Xu, 1999) .
Conceptual models (e.g., HBV, Bergström & Forsman, 1973 and HEC-HMS, USACE, 2000) use simple mathematical equations to describe the main hydrologic processes, whereas physical-based models (e.g., SWAT, Arnold, Srinivasan, Muttiah, & Williams, 1998
and MIKE-SHE, Refsgaard, Storm, & Refsgaard, 1995) mimic catchment processes on using a mechanistic approach. Physical-based The percentage of studies reviewed stating an explicit time step with models operating at a given time-step across the hydrology (blue), hydraulics (purple), water quality (yellow), and ecology (green) categories models are spatio-temporal discretization. Nevertheless, some physical-based models also include empirical or conceptual modules (e.g., Soil Conservation Service Runoff Curve Number method for infiltration and rainfall abstraction, Borah & Bera, 2003) . In addition to meteorological data, a large number of parameters are necessary to run a physical-based model including soil moisture content, topography, topology, and land use (Abbott, Bathrust, Cunge, O'Connell, & Rasmussen, 1986 ). Moreover, accurate historic observations and a rigorous parameterization procedure are crucial to avoid calibration problems (Refsgaard, 1997) . Generally, the parameter classes (e.g., soil and vegetation types, climatological zones, and lithology) are selected to reduce the number of calibration parameters. Physical-based models may not require parameter calibration against measured values.
Refsgaard and Knudsen (1996) showed that physical-based models performed better than conceptual models when no calibration was 
FIGURE 5
The percentage of studies reviewed with models operating at a given spatial scale across the hydrology (blue), hydraulics (purple), water quality (yellow), and ecology (green) categories. *Hydrology catchment bar was truncated; actual datum was 81.7%
FIGURE 6
The number of studies linking individual hydrology (blue), hydraulics (purple), water quality (yellow), and ecology (green) models. Models not reviewed in the current study but that were linked to a reviewed model on more than one occasion are not enclosed by a box (e.g., DYRESM). The circled numbers reflect the number of models (not extensively reviewed in our study) that were linked on a single occasion to a model included in the current synthesis
Spatial complexity also provides a fundamental distinction between different hydrology models. Lumped models treat the catchment as a single unit and relate the flow rate output to rainfall, where homogeneous characteristics are assumed within the watershed. Thus, the calibration parameters are representative of the average characteristics of the watershed (Beven & Binley, 1992) . Conversely, most conceptual models are lumped. Distributed models discretize the catchment in subdomains to account for spatial variability in processes and watershed characteristics. In semidistributed models, the domain is divided in several homogeneous subdomains delineated based on topographic (subbasin) or hydrologic criteria (such as hydrologic response units in SWAT) for which only a specific set of parameters is valid (Becker & Braun, 1999) . However, in semidistributed models, meteorological factors, such as rainfall and temperature, are uniform across the domain. Semidistributed models are generally associated with physical-based models (although semidistributed conceptual models such as HEC-HMS and HBV do exist) to reflect spatially heterogeneous and complex watershed structures and processes. In fully distributed models (e.g., MIKE-SHE), the domain is discretized using a grid, all aspects of the model are distributed (parameters, initial and boundary conditions), and cells are treated independently (Singh & Woolhiser, 2002) . Distributed models generally rely on geographic information systems to both display catchment characteristics such as topography, ground cover, land use, and soil type and delineate subbasins or hydrologic response units (DeVantier, Feldman, & Arlen, 1993; Flügel, 1995) . However, the spatial representation of the watershed is generally limited by the absence or low resolution of field measurements. Although distributed models may be more rigorous, their complexity increases due to the increase in model parameters (Carpenter & Georgakakos, 2006) . Physical-based distributed models are approximate representations of hydrologic processes, and calibration is generally required (Anderson & McDonnell, 2005 
FIGURE 7
The number of times a model was linked to another model as a ratio of the number of papers reviewed in the study plotted against the model's (a) year of development, (b) data requirements, (c) calibration requirements, (d) model applicability, (e) the complexity of the model, and (f) the model interface. The ratio could be greater than one as models could be linked to multiple other models in a single paper. The ratio was calculated for 34 of the 42 models reviewed
The choice of computational time step is another important element for determining suitable model applications. Because we often simulate hydrologic processes over a long time period (Chu & Steinman, 2009 ), continuous models generally use daily or monthly time steps. Alternatively, event-based models focus on single, but often extreme, events and operate at a finer resolution (e.g., hourly)
to provide a detailed representation of catchment response (Borah et al., 2007) . We found that hydrologic models were coupled to other models to capitalize on different strengths, focus model outputs, or include water-quality or ecological components. For example, several models performed best under certain catchment characteristics (e.g., SWAT
for rural catchment modelling and SWMM for urban run-off) or provided fine-scale simulations (e.g., WEPP). Hydrologic models were also typically coupled with hydraulic models that focus on streamflow (e.g.,
HEC-HMS and HEC-RAS and MIKE-SHE with MIKE 11). We also found hydrologic models coupled with both water-quality and ecological models. For example, SWAT, HSPF, and SWMM regularly modelled sediment and nutrient transport within a catchment or river (sometimes as the result of a model linkage; Figure 6 ). Physical-based distributed models were also coupled with ecology models, especially those focused on the carbon cycle and vegetation dynamics. SWAT was developed to assess the effects of land-use management and climate on water supplies (e.g., nonpoint source pollution) in watersheds, particularly for large catchments (Arnold et al., 1998) . SWAT has also been combined with instream-flow models to evaluate environmental-flow recommendations (Casper, Dixon, Earls, & Gore, 2011) . Other hydrology models have simulated the effects of flow alteration on fish assemblages and associated habitat components (e.g., DIVAST, Bockelmann, Fenrich, Lin, & Falconer, 2004 and WaterGAP, Verzano et al., 2012) .
| Hydraulic models
The hydraulic models we reviewed were focused on simulating depth, discharge, and velocity but differed in specific applications and complexity (Table A5 ). The reviewed studies were often focused on predicting the depth and extent of inundated areas from flooding. Certain hydraulic models were fairly specialized. For example, the ELCOM was regularly used to simulate water temperature and other processes in lentic systems. The main distinguishing features among hydraulic models were their spatial and temporal dimensions: one-dimensional (1D); two-dimensional (2D), or three-dimensional (3D); and steady (i.e., no temporal variations of flow conditions) versus unsteady.
1D hydraulic models have been used since the early 1950s to simulate flows with a predominant direction (Cao & Carling, 2002) .
Because of their minimal data requirements and short computation time, 1D models are still widely used (Papanicolaou, Elhakeem, Krallis, Prakash, & Edinger, 2008) . They compute a cross section average for hydraulic variables, specifically water-surface elevation and discharge.
The waterbody is represented by a straight line in the main flow direction along which the geometry is described via "cross sections" (Langendoen, 2000) . 1D models require the least amount of field data for calibration and testing. The basic data requirements for 1D models include a river network, defined boundary conditions, initial flow (if unsteady flow is simulated), cross section geometry and spacing, hydraulic structure geometry, and a channel energy loss parameter to account for friction, contraction, and expansion. The energy loss parameter is the main calibration variable for 1D hydraulic models. (1 to 1,000 m), and shallow waterbodies. Consequently, most of the 1D models we reviewed (HEC RAS, MIKE 11, and SOBEK) were primarily applied to river systems. Further, these relatively simple models have been generally coupled with hydrology models (Figure 6 ).
2D hydraulic models have been widely applied since the 1980s due to increasing computer power and the release of a number of commercially available models (Yang, 2006) . 2D hydraulic models can be divided into vertically averaged and laterally averaged. Vertically averaged models compute water depth and the magnitude of depth-averaged stream-wise and transverse velocity components (Papanicolaou et al., 2008) . They also require a closure assumption for friction loss, generally parameterized in a similar way to 1D models (Morvan, Knight, Wright, Tang, & Crossley, 2008) . In some vertically averaged models, turbulence is differentiated from friction loss and must be estimated. Turbulence is generally parameterized using a turbulent eddy-viscosity model (e.g., constant eddy viscosity, mixing-length model, or k-ε model; Wilson, Bates, & Hervouet, 2002 ). The domain is described by 2D horizontal mesh. 2D vertically averaged models can also take into account hydraulic structures and several additional processes such as the Coriolis force, free-surface atmospheric forcing, and wave propagation (Hervouet, 2007) . Vertically averaged models are suitable for simulating hydrodynamics in complex river geometries (e.g., river bends and bifurcations), floodplains (Horritt & Bates, 2002) , and large lakes, estuaries, and coastal waters (Bates et al., 2005) .
Typical scenarios examined spatial scales of <10 km and time periods <1 year. Data required to run 2D vertically averaged models vary by application. Generally, vertically averaged models require bed elevation and friction loss at every spatial element of the computational mesh, with geometric descriptions of any structure in the domain. 2D
laterally averaged models have a limited range of applications and are used less. We found that laterally averaged models were most commonly used to model lake stratification (see Section 3.1.3);
however, these models have also been applied to riverine systems (e.g., Burkholder, Grant, Haggerty, Khangaonkar, & Wampler, 2008).
CE-QUAL-W2 is a 2D laterally averaged model but is primarily used as
a water-quality model (see next section and Table A5 ). In CE-QUAL-W2, temperature modelling is automatically included with hydrodynamics (Cole & Wells, 2015) . The computational domain is similar to a 1D model, except that it is also discretized into layers in the vertical dimension. Energy loss and turbulence closure models are also required. Other data requirements include cross section geometry, spacing and energy loss coefficients, and defined boundary conditions. 3D hydraulic models were developed in the 1990s and were most often applied to complex scenarios. 3D hydraulic models are suitable for a wide range of applications such as complex river geometries, flow around hydraulic structures, lakes and reservoirs dynamics, and coastal, marine, and estuarine hydrodynamics (Hodges & Dallimore, 2013a; Nagata, Hosoda, Nakato, & Muramoto, 2005; Wu, Rodi, & Wenka, 2000) . The 3D hydraulic models we reviewed (ELCOM and ECOMSED) were used to simulate processes in lakes, estuaries, and oceans. Their application can be limited by computer performance and typical scenarios include domains of <1 km and time periods <1 year. We found the most common outputs for 3D hydraulic models that were sediment transport and spatial distributions of depths and velocities. ELCOM and ECOMSED were primarily coupled with wave-transformation models for coastal applications, as well as other hydraulic models, and focused local studies within the context of larger models. Data required to run 3D hydraulic models include bed elevation and bottom friction loss at every spatial element corresponding to the bottom-water interface computational mesh, with geometric descriptions of any structure in the domain and turbulence models.
Boundary conditions are similar to 2D vertically averaged models but require additional information on the vertical distribution of hydraulic variables. Surface boundary conditions (e.g., rainfall to the water's surface, wind speed and direction, and air temperature) are also sometimes required (Hodges & Dallimore, 2013b) . Primary calibration targets for 3D hydraulic models were bed roughness and turbulence models (Garcia, 2008) , with additional parameters required for sediment transport and water-quality modelling.
| Water quality models
Water-quality models are used to simulate and predict how pollutants affect the aquatic environment. The early Streeter and Phelps models date to 1925 and were used to develop pollution control strategies in rivers (Wang, Li, Jia, Qi, & Ding, 2013) . These were 1D, steady-state models used to simulate relationships between pollutants and dissolved oxygen and sediment oxygen demand (Gao & Li, 2014) . With the advancement in computational resources, the 1D models have expanded to 2D and 3D models and include the capacity to simulate other elements (e.g., nutrients and organic chemicals) and effects on biota (e.g., algae, macrophytes, invertebrates, fish, birds, and mammals; Park, Clough, & Wellman, 2008; Wang et al., 2013 ). However, more than 100 water-quality models have been developed since the Streeter and Phelps models, and a reliable model selection criterion is still lacking (Wang et al., 2013 ). The models we reviewed simulated the transport and levels of a range of determinates across the study area (Table A6 ). For example, nutrients (e.g., nitrates, ammonia, and phosphorus), oxygen (e.g., dissolved oxygen and biological oxygen demand), water temperature, primary productivity (especially chlorophyll a), and dissolved and suspended sediments were modelled for a range of environments. Water-quality models were difficult to group so instead highlighted below are the processes simulated by each reviewed model and the aquatic ecosystems where models were applied.
AQUATOX is a comprehensive model that simulates the causeand-effect relationship between multiple pollutants (e.g., nutrients
and toxic chemicals) and aquatic life (i.e., algae, macrophytes, invertebrates, fish, birds, and mammal communities; Park et al., 2008) .
AQUATOX is used to represent a variety of aquatic environments (e.
g., experimental tanks, reservoirs and ponds, rivers and streams, and estuaries; Park et al., 2008) . Although AQUATOX was designed for use in permanent water bodies, the model is capable of representing interactions between upstream and downstream processes across the longitudinal river continuum, though interactions between the stream channel and its floodplain (i.e., the lateral dimension) are not considered (Rashleigh, 2003) . AQUATOX has been cited as the "best integrated aquatic ecosystem model" (Koelmans, Van der Heijde, Knijff, & Aalderink, 2001 ).
CE-QUAL-W2 models the 2D relationship between nutrient
cycling, primary production, and trophic dynamics and the distribution of temperature and oxygen (Cole & Wells, 2006 ; see also section above). Because flow, temperature, and water quality are laterally averaged (i.e., laterally homogenous), CE-QUAL-W2 is most appropriate for long, narrow lakes and reservoirs that are both deep and often stratified (Bonalumi, Anselmetti, Wuest, & Schmid, 2012; Garvey et al., 1998; Martin, 1988) , thus limiting its use in most natural lakes. Nevertheless, CE-QUAL-W2 is highly flexible and can be adapted to simulate user-specific effects of contaminants and processes not included in the base model package (e.g., macrophytes; Stansbury, Kozimor, Admiraal, & Dove, 2008) , monsoons, Chung & Oh, 2006 , and the effects of atrazine and other contaminants, Chung & Gu, 2009 ).
WASP is a highly dynamic model that is capable of simulating the fate of nutrients and pollutants across three dimensions. The model is particularly useful for wide and complex river morphologies and has been used for establishing environmental flow requirements in some regions (e.g., China, Zheng, Yang, & Yang, 2011) . A unique feature of WASP is that the temperature module can be used to predict watercolumn temperature based on atmospheric conditions and heat exchange between the surface, subsurface, and benthic layers of the water body (Wool, Davie, & Rodgriquez, 2003) . However, WASP does not feature a groundwater component.
QUAL2K, which is an upgrade of QUAL2E, has been used worldwide as a decision-making tool for water-quality management strategies in urban watersheds (Brown & Barnwell, 1987; Tang, Huang, & Lin, 2012) . The upgraded features of QUAL2K give users the ability to simulate the transport of pollutants to algal death, pH, pathogens, and biological oxygen demand, while allowing for multiple loadings and withdrawals within any reach (Park & Lee, 2002 RZWQM2 is a 1D, agricultural model that is used to integrate soil and water-quality dynamics with crop management practices (Fang et al., 2010; Ma et al., 2012) . However, the model assumes only vertical interactions. Thus, it is not encouraged for use in spatially heterogeneous landscapes (Ma et al., 2012) .
CAEDYM is an aquatic ecosystem model that simulates interactions between biological organisms and physicochemical processes (Robson & Hamilton, 2004) . Coupling of CAEDYM to hydraulic models is often necessary because environmental fluxes are typically dependent on state variables that function as boundaries (i.e., maximum rates 
| Ecology models
The reviewed ecology models can be broadly split into two groups: terrestrial and aquatic. The terrestrial models focused strictly on vegetation, whereas the aquatic models were adaptable to a variety of biota including fish, phytoplankton, and macrophytes (Table A7) . Although differing study objectives between disciplines largely drove the distinction between ecological models, the terrestrial-aquatic interface was often considered. For example, hydrologic processes were often incorporated into terrestrial models for water budgets, whereas nutrient loads in aquatic models were sometimes modelled as a function of terrestrial processes.
All of the reviewed terrestrial ecological models were processbased models developed to simulate vegetation dynamics, often under climate-change scenarios, at various spatial and temporal scales. CEN-TURY is a soil-organic matter model that simulates carbon, nitrogen, phosphorus, and sulphur processes at the ecosystem scale over years to millennia (Parton, Schimel, Cole, & Ojima, 1987; Parton, Stewart, & Cole, 1988) . In addition to grassland (Parton et al., 1988) CENTURY can also be applied to a variety of agroecosystems (Metherell, Harding, Cole, & Parton, 1993; Parton & Rasmussen, 1994) . FOREST-Bio-Geo-Chemical Cycles (BGC) simulates ecosystem processes such as water and carbon budgets, primary productivity, and nitrogen uptake in forested ecosystems at both daily and yearly time steps (Running & Coughlan, 1988; Running & Gower, 1991) . A unique feature of FOREST-BCG is that it can be used at both local (i.e., patch stands) and regional scales. However, the emphasis of Leaf Area Index in FOREST-BCG limits its application in larger ecosystems (Anselmi, Chiesi, Giannini, Manes, & Maselli, 2004; Jochheim, Luttschwager, & Wegehenkel, 2004) . however, similar to most DGVM's, its use is limited at local scales (Anav, D'Andrea, Viovy, & Vuichard, 2010) . ORCHIDEE can also be coupled with cropland models to simulate agricultural processes (Lafont et al., 2012; Maignan et al., 2011; .
The reviewed aquatic ecological models were primarily developed to simulate abiotic-biotic interactions and assess water-management scenarios in freshwater systems. Coupling of aquatic models was common to improve performance relative to individual research or management objectives. The PHABSIM quantifies instream habitat availability and discharge (Annear, McKillip, Khan, Berger, & Wells, 2004) . PHABSIM uses a weighted usable area approach to establish relationships between water quantity and available habitat for fish, macroinvertebrates, and macrophytes. As a 1D model, PHABSIM does not capture the complexity of instream habitats, thus basic model assumptions are seldom met. Nevertheless, PHABSIM is effective for coarse-scale questions (Acreman et al., 2008) and has been widely applied for assessing both instream habitat under low flows (Booker & Dunbar, 2004) and the effects of water-management options (e.g., Goethals, & De Pauw, 2007) . CASiMiR uses hydrology input, fuzzy logic, and suitability indices to describe species-habitat relationships for fish and other aquatic biota (Mouton et al., 2007) . CASiMiR has also been extended to evaluate the effects of changes in the water table on riparian vegetation (Rivaes et al., 2013) . The Phytoplankton RespOnse To Environmental CHange model (PROTECH) simulates temporal changes in phytoplankton dynamics in lakes, reservoirs, and rivers (Elliott, Irish, & Reynolds, 2010) . PROTECH relates the maximum performance for over 100 species to environmental correlates (e.g., water temperature and nutrients) based on chlorophyll-a concentrations. The freshwater model with the most limited applications was ALFISH.
ALFISH was designed to simulate fish population dynamics and prey biomass specifically for the Everglades and Big Cypress National Park (Gaff et al., 2004; Pastorok, Bartell, Ferson, & Ginzburg, 2001) . ALFISH has proved to be effective for assessing water-management alternatives in south Florida (Wang, McGrath, Semmler, Sweeney, & Nolan, 2006 ), but its application or performance in other systems has not been evaluated.
| DISCUSSION AND CONCLUSIONS
We documented 178 models that accommodate applications to answer an array of research questions about ecohydrology or ecohydraulics. Of these models, 43 had a high prevalence of use due to their versatility, accessibility, user-friendliness, and excellent usersupport community. We documented linkages among models with highly different temporal and spatial resolutions, which suggests that flexibility in independent applications may not limit transferability of output across disciplines. However, synthesized model applications across the subdisciplines were still relatively infrequent and far less common than use of models in isolation.
One might presume the lack of substantial interlinkages among ecohydrology and ecohydraulic models was primarily an artefact of the intensive effort required to gather data, develop, and calibrate each model independently; thus, effort escalates when using multiple models.
However, our results suggested that this is not always true. Models with higher data requirements were more likely to be linked, but the variability in these data was also much greater. Model complexity had limited influence on model linkages. We found that intermodel linkages were far more common when paired models were developed by the same institution (e.g., MIKE11 and MIKE-SHE), which would be expected given models with common programming languages and data preparation are more easily linked. Also, models with wider breadths of application supported more linkages than those of narrower breadth. Interdisciplinary research projects are typically larger in scope and budget and can support increased data and calibration requirements to link model platforms.
Model linkages were also driven by specific research demands. For example, SWAT is a very useful watershed model but does not simulate sediment deposition related to backwater effects. Therefore, Betrie et al. (2011) linked SWAT to SOBEK to improve flow and sediment routing. Gaiser et al. (2008) linked several models and describe the technical challenges (e.g., issues with spatial and temporal alignment) that have to be addressed to make model linkages successful. For example, the authors attempted to integrate several submodels in a regional analysis in southwest Germany and noted major challenges due to differences in spatial scale applications, particularly using QUAL2K for "annual runs at a daily time step." Gaiser et al. (2008) 
| Global and regional variation in model applications
As stress on water resources increases globally, the application of ecohydrologic and ecohydraulic models is expected to increase, along with the demand for synergistic modelling efforts to support multifaceted decision-making. For example, although many of the models we reviewed were applied to questions in developed nations, a considerable number of studies were also applied to the "BRIC" countries (Brazil, Russia, India, and China). The BRIC countries have undergone rapid development (O'Neill & Goldman, 2001) and support large populations (Worldometers, 2016) . In China, this development has been accompanied by rapid industrialization and urbanization, resulting deteriorating environmental quality (Shao, Tang, Zhang, & Li, 2006) . Therefore, it is not surprising that a number of Chinese studies sought to model water quality and pollutant transport through aquatic systems and their effects on freshwater biota (e.g., Fang, Zhang, Chen, & Xu, 2008; Lei, Huang, Qiao, Li, & Wang, 2008; Zhang, Liu, Li, & Zhao, 2013) , as well as potential management strategies (e.g., Chen, Niu, & Zhang, 2013; Ciou, Kuo, Hsieh, & Yu, 2012; Kuo et al., 2003; Lin et al., 2010) . The water-management challenges of supporting large human populations, while encouraging economic development, were addressed in a number of Indian studies. For example, increasing demand has stimulated interest in modelling water availability (e.g., Perrin et al., 2012) , particularly in the face of future climatic changes (e.g., Dhar & Mazumdar, 2009; Sapkota, Bharati, Gurung, Kaushal, & Smakhtin, 2013) and the potential value of management options such as interbasin transfer schemes (Bharati, Smakhtin, & Anand, 2009 (Brown et al., 2013; Keppen & Dutcher, 2015) . Many modelling applications have also been applied to Florida due to several factors including drought, the ecological sustainability of the Everglades (Obeysekera, Barnes, & Nungesser, 2015) , and the management of economically important fisheries (e.g., oyster reefs; Garland & Kimbro, 2015) . A practical, but possibly overlooked, consideration of model selection is identifying a model's strengths and limitations related to the overall study objective. Model performance greatly depends on the processes simulated and also on the physical domain being modelled (i.e., catchment or river size, slope, and heterogeneity). For example, MIKE-SHE is considered a "quality" distributed model, but its use has been questioned in applications for "larger" river basins (Van Der Knijff et al., 2010) . HBV is a commonly used rainfall-run-off model but lacks a spatially distributed routing model (Van Der Knijff et al., 2010) . MIKE-SHE may be a better choice over WetSpa if groundwater flow is of interest, even though the models otherwise simulate similar processes; however, both models appear to underestimate extreme low-flow conditions. This suggests that an alternative choice is warranted if groundwater flows are of interest (Vansteenkiste et al., 2013) . Vansteenkiste et al. (2014) show that several models tend to overestimate low to extreme low flows (WetSpa, MIKE-SHE, and three simpler lumped models, NAM, PDM, and VHM), thus suggesting caution when applying these models in arid regions or to simulate climate-change scenarios. Overestimating baseflows may be acceptable to water managers assessing vulnerability of infrastructures to flooding, but this bias could be problematic when dealing with the conservation of imperilled species that rely on specific low-flow conditions.
| Guidelines for selecting models to meet research needs
Most regional analyses in our review were based on surface-water models that lacked consideration of groundwater flow (Werner, Gallagher, & Weeks, 2006 to address management-based questions at a regional scale (Barthel & Banzhaf, 2016 , also found commonly linked in our study). Other authors have overviewed packages for modelling groundwater-surface water interactions (Alaghmand, Beecham, & Hassanli, 2013; Bobba, 2012; Levy & Xu, 2012; Sebben, Werner, Liggett, Partington, & Simmons, 2013) .
Model choice may also be dictated by software cost and documentation or the simplicity of the interface when several models are capable of meeting research needs. Models with a well-designed GUI are an attractive alternative to learning complex command languages. We omitted ensemble models from our review, but there are many 
| Future research directions
Realizing the true benefits of model integration requires several technical and conceptual challenges that could potentially be resolved by programming specialists. Interestingly, these challenges do not completely arise within the model platforms themselves, but in how disparate platforms communicate. For example, alignment of spatial and temporal components of different models represents a major challenge to linking models (see Gaiser et al., 2008) . Indeed, methods to increase the efficiency and accuracy of data fusion practices are needed within all scientific disciplines (Castanedo, 2013 Mroczkowski et al. (1997) showed that validation using multiresponse data represented a much more powerful strategy than traditional split-sample testing using streamflow data alone in undisturbed catchments.
Advances in conceptual frameworks that aid calibration and validation strategies are equally as important as dealing with the technical issues of model integration itself. Our understanding of model applications would be dramatically improved via standard reporting, especially when models are linked. Reporting for coupled models would be more detailed but could follow broad guidance suggested by Harmel et al. 
